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Introduction {#sec1}
============

Photosystem I (PSI) uses light to drive the oxidation of plastocyanin or cytochrome *c* and the reduction of ferredoxin as a part of oxygenic photosynthesis. It is a large multisubunit transmembrane protein, the structure of which has been determined with 2.5 Å resolution from the cyanobacterium *Thermosynechococcus elongatus* ([@bib1]). The main cofactor-containing part of the PSI reaction center (RC) is made up of two nearly symmetrical membrane-spanning subunits, PsaA and PsaB, which contain 96 chlorophyll (Chl) molecules. Only six of these are considered to be involved in charge separation and stabilization. These six Chls form part of two symmetrical electron transfer pathways, each made up of three Chls *a* (P, A, and A~0~) and a phylloquinone (A~1~), with a single iron sulfur center, F~X~, acting as the electron acceptor from the quinones of both branches. At the luminal side of PSI, two P Chls, one from each branch, are in close proximity and have partial overlap of their aromatic rings, which leads to enhanced electronic coupling, red-shifting the absorption maximum to 700 nm. This pair of Chls is usually denoted P700 ([@bib2], [@bib3]). Charge separation takes place in both branches ([@bib4], [@bib5]).

There has been some debate about the sequence of events that occur upon excitation and charge separation in PSI. For many years, it was thought that the Chl pair P700 was the primary electron donor, i.e., the species that bore the first excited singlet state immediately before charge separation. However, evidence indicating that the monomeric Chl, A, is the primary donor has been presented.

The assignment of the primary electron acceptor is conditioned by the identity of the primary donor. If P700 is the primary donor, then the adjacent pigment, A, is the likely candidate for the primary acceptor, with P700^+•^A^−•^ as the first radical pair (RP1). In contrast, in the model where A is the primary donor, then A~0~ would be the primary acceptor, with A^+•^ A~0~^−•^ as RP1. In both of these models, the second radical pair, RP2, is in most cases considered to be P700^+•^A~0~^−•^. The third radical pair, RP3, is P700^+•^A~1~^−•^, which is stable in the time range of nanoseconds to tens of nanoseconds, with electron transfer toward F~x~ occurring in 200 ns and 20 ns on the PsaA branch and PsaB branch, respectively ([@bib2], [@bib6]).

The identity of the primary electron donor, and thus the sequence of radical pairs produced in PSI, remains uncertain, with recent work reporting evidence that P700^+•^ is formed at the earliest times. This brings into question the model in which the monomeric Chl, A, is the primary donor.

Light harvesting within PSI is extensively described in the literature (see reviews in ([@bib2], [@bib3], [@bib7])). However, there are still open questions about the initial steps that take place after absorption of a photon and the processes that occur before charge separation.

Spectroscopic studies of different PSI samples have indicated the presence of antenna Chls that have absorption maximum at wavelengths above 700 nm. The exact absorption wavelengths and numbers of these so-called red Chls are species dependent ([@bib8], [@bib9], [@bib10], [@bib11]). The role of red Chls in energy and charge transfer has been investigated for PSI from different cyanobacteria (see Ref. ([@bib8]) and references therein); however, the precise role of red-shifted Chls in PSI is still being discussed. The Chl *a* pigments in dimeric or oligomeric forms have been suggested to be those corresponding to the red Chls ([@bib12]). Furthermore, charge separation with 808 nm excitation has been demonstrated even at room temperature ([@bib13]). Schlodder et al. ([@bib13]) suggested that direct excitation of charge-transfer states resulting from the ring overlap between the two Chls within P700 in the RC is responsible for this. In an earlier study, Schlodder et al. ([@bib12]) demonstrated that the fluorescence of red pigments was sensitive to the redox state of P700, and presented an analysis of the possible Chl aggregates from the crystallographic coordinates. In this study, we consider the role of red Chl *f* pigments that result from adaptation of the organism to a far-red light (FRL) environment, and their possible role in light harvesting and charge separation.

Chl *f* was discovered recently in cyanobacteria ([@bib14]) and was found to have the most red-shifted Qy band of all forms of Chls. Niedzwiedzki et al. ([@bib15]) examined the properties of the Chl *f* excited state in organic solvents and concluded that the singlet excited-state lifetime of Chl *f* is 5.6 ns at room temperature. They expressed doubt that an efficient Chl *f*-to-Chl *a* energy transfer would be possible. These conclusions were based on the relatively low-fluorescence quantum yield of 0.16 and the necessity for a significant uphill energy transfer from Chl *f* (706 nm absorption *λ*~max~ in Pyr) to Chl *a* (671 nm absorption *λ*~max~ in Pyr) to occur. However, although the ∼500 cm^−1^ (62 meV) uphill energy gap is feasible at room temperature, given kT (25.7 meV) and the overlap of the broad absorption spectra of the Chls, the energy transfer will occur only at a reduced rate. The reduced quantum yield does not affect transfer on the ∼100 ps timescale seen for the Chl *f* decay in this study, and the effective uphill rate will depend on the Franck-Condon term in the Marcus equation and the temperature.

The presence of Chl *f* in PSI is expected to have an important effect on excitation transfer, if it plays a light-harvesting role as proposed in the literature ([@bib16], [@bib17]). It has been suggested that Chl *f* does not play a role in charge separation within the RC, but little or no experimental evidence exists relevant to this issue. Here, we applied ultrafast time-resolved absorption spectroscopy to Chl *f*-containing PSI to test this proposition.

Ultrafast time-resolved studies of PSI {#sec1.1}
--------------------------------------

Numerous ultrafast transient absorption (TA) and fluorescence studies of PSI have been presented, but no consensus regarding the model of energy and charge transfer in PSI after absorption of a photon has been reached. Most of the proposed models fall into one of two categories: 1) transfer to trap limited and 2) trap limited. Transfer-to-trap-limited models suggest a slow (typically ∼20 ps) excitation transfer time from the antenna to the charge-separating Chls, whereas the charge-separation step is assumed to take 1--10 ps ([@bib18], [@bib19], [@bib20], [@bib21]). In contrast, the trap-limited model proposes that energy equilibration between the antenna and the charge-separating Chls occurs within 3 ps, whereas charge separation and formation of the first radical pair might take ∼20 ps ([@bib22], [@bib23], [@bib24]). Below, we briefly summarize some of the recent publications in this field.

Müller et al. ([@bib25]) used the green alga *Chlamydomonas reinhardtii* PSI for TA experiments because it did not contain red Chls, thus allowing fast excitation and charge-transfer steps to be resolved. The model used for data fitting included subpicosecond equilibration within the excited antenna and the charge-separating Chls, and a 2 ps time constant for the excitation transfer between the two types of pigments. Central to this model was that the charge separation occurred with a 6--9 ps time constant. The formation of the second and third radical pairs occurred with 15--20 ps and 35--40 ps time constants, respectively.

The trapping kinetics of *T. elongatus* PSI, which contains red Chls, was studied by Slavov et al. ([@bib8]) using time-resolved fluorescence. They demonstrated that even in the presence of red Chls, the kinetics follows a trap-limited scheme for both PSI trimers and monomers. However, the rate of trapping was slower compared with *C. reinhardtii* PSI ([@bib25]). The dominant equilibration time found for PSI containing red Chls was 5--7 ps, with some additional slower phases of 25--44 ps ([@bib8]).

Using time-resolved fluorescence emission measurements, van Stokkum et al. ([@bib26]) demonstrated that *Synechococcus* sp. WH 7803 PSI is free of red Chls. Their results obtained at room temperature showed two decay components with lifetimes of 7.5 ps and 18 ps. Target fitting of the data assigned the first lifetime to equilibration between one pool of antenna Chls (Ant2)^∗^ and a combined excited state of the charge-separating Chls and another antenna Chl (Ant1/RC)^∗^. The second lifetime was assigned to formation of the radical pair P700^+•^A~0~^−•^. The authors also showed that a similar model could be used to describe the time evolution of the fluorescence emission time for other cyanobacteria PSI even in the presence of red Chls. It is worth noting that van Stokkum et al. discussed published evidence that *Chlamydomonas* PSI as used by Müller et al. ([@bib25]) might contain red Chls emitting 715 nm at 77 K ([@bib26]).

Shelaev et al. ([@bib27]) performed TA measurements on PSI from *Synechocystis* sp. PCC 6803 with 20 fs temporal resolution, and proposed that 1) charge separation occurs in \<100 fs; 2) energy transfer from the antenna to the RC occurs in 5 ps; and 3) formation of the secondary radical pair takes 25 ps. However, they did not consider the presence of the red Chls in PSI of this species. Previous reports using the PSI from the same species (*Synechocystis* 6803) (e.g., ([@bib23], [@bib26])) suggested the presence of red Chls. Whereas Melkozernov et al. ([@bib23]) considered the possibility of a red Chl contribution to a ∼100 ps 705 nm bleach in *Synechocystis* PSI, Shelaev et al. ([@bib27]) assigned the band at 705 nm to P700^+•^. The latter group went on to investigate the effect of the excitation wavelength on primary photochemistry in PSI ([@bib28]) and showed that excitation with 670 nm or 700 nm led to large absorption changes in the antenna Chls and annihilation effects that resulted in anomalous kinetics, and spectra that obscured the kinetics of the charge separation. They suggested that earlier studies had been dominated by such effects, and found that these problems were reduced when weaker excitation was given by using longer-wavelength excitation that had only a partial overlap with the Chl absorption bands.

Recently, Kompanets et al. ([@bib29]) performed TA measurements of *Arthrospira platensis* PSI, which contains extremely red-shifted Chls. They observed two bleaches developing at 710 nm and 730 nm with 1 ps and 5.5 ps time constants, respectively. The authors concluded that the red Chls were populated by excitation transfer from bulk antenna Chls.

Visible pump/infrared probe TA spectroscopy of *Synechococcus elongatus* PSI was performed by Di Donato et al. ([@bib9]). The infrared measurements clearly separated excited-state decay from charge-separation processes spectrally. The results showed a heterogeneous excited-state decay, and the charge separation and branching were modeled either with inclusion of a red Chl *a* pool or with separate excited antenna pools. One model proposed by the authors includes a red Chl compartment connected to the bulk antenna only, and assumes that the red Chls and P700 are not strongly connected and the energy transfer kinetics between them takes a few picoseconds. Moreover, they concluded that once the excitation reaches the RC, the charge separation occurs on a subpicosecond timescale. They suggested that charge separation starts with the monomer Chl A, not P700, and thus the initial radical pair consists of A^+•^ and A~0~^−•^. Phylloquinone A~1~ is reduced with a time constant of 6 ps and the final relaxed radical pair P700^+•^A~1~^−•^ is formed by 40 ps. A similar model was proposed previously by Müller et al. ([@bib6]) and Holzwarth et al. ([@bib30]) on the basis of modified kinetics in site-directed mutations positioned near A~0~.

Chauvet et al. ([@bib31]) were able to resolve the A~0~^−•^/A~0~ spectrum spectrally without chemical reducing agents. They used a mutant of *Synechocystis* sp. PCC 6803 in which electron transfer from the A~0~ state to A~1~ was slowed down (from 30 ps to several nanoseconds), leaving a long-lived A~0~^−•^ state. The resulting A~0~^−•^/A~0~ spectrum shows a bleach maximum at 684 nm as well as a minor positive signal in the 640--660 nm and 700--740 nm regions (see Fig. 7 *b* in Ref. ([@bib31])). The availability of this spectrum enables better analysis and interpretation of PSI TA results.

A simplified summary of models for the energy- and charge-transfer steps suggested in the above-cited works is presented in [Fig. 1](#fig1){ref-type="fig"}. Typical transition times between different steps are also indicated. As can be seen from [Fig. 1](#fig1){ref-type="fig"}, there are still many fundamental differences between the different models, but some general trends can be observed. The typical equilibration time between the antenna and the charge-separating Chls at the center of the RC is often reported to be on the order of 2--8 ps. According to all of the models discussed here, a secondary charge-transfer step happens with a 20--40 ps time constant. The most significant difference between the results behind these models is the rate at which charge separation occurs. Typical transition times from the excited RC state to the primary charge-separation state are given with 6--18 ps time constants according to the models in [Fig. 1](#fig1){ref-type="fig"}, *a--e*. The models in [Fig. 1](#fig1){ref-type="fig"}, *f* and *g*, suggest that the primary charge separation occurs on a subpicosecond timescale.

Note that the models summarized in [Fig. 1](#fig1){ref-type="fig"} used different experimental techniques, were conducted under different optical conditions, and used samples of various origins. The presence of FRL-absorbing Chl *f* in the PSI core would allow better differentiation between energy-transfer and charge-separation processes using visible detection.

In this work, we performed visible TA spectroscopy of *C. thermalis* PCC 7203 PSI samples, including both white light (WL)-grown PSI (where all Chls are Chl *a*) and FRL-grown PSI containing Chl *f*. Under conditions of pumping in the visible spectral range that are selective for either blue-shifted Chl *a* antenna pigments, red-shifted Chl *f* pigments, or pigments that favor direct charge separation, we compared TA measurements for energy-transfer and charge-separation processes.

Materials and Methods {#sec2}
=====================

Sample {#sec2.1}
------

Cells of *C. thermalis* PCC 7203 were grown in liquid BG11 medium ([@bib32]) at 30°C under FRL (750 nm; Epitex (Ushio Epitex, Kyoto, Japan)) of 45 *μ*E m^−2^ s ^−1^ (optical power meter; Newport, Irvine, CA)) and WL of 30 *μ*E m^−2^ s ^−1^ (Quantitherm light meter; Hansatech, King's Lynn, UK). PSI solubilized by *n*-dodecyl-*β*-maltoside (*β*-DDM) was purified by sucrose density gradient centrifugation. The samples were in a buffer of 50 mM MES-NaOH, 5 mM CaCl~2~, 10 mM MgCl~2~, and 0.04% (w/v) *β*-DDM (pH 6.5) with 40 mM sodium ascorbate and 50 *μ*M phenazine methosulfate as redox mediator. The samples were transferred to a cell (Harrick Scientific, Pleasantville, NY) with 1 mm CaF~2~ windows and a 25 *μ*m spacer. Purity was assessed by absorption and fluorescence measurements. The absorption spectra for both WL- and FRL-PSI samples are presented in [Fig. 2](#fig2){ref-type="fig"}. The optical density at 675 nm was typically 0.6--0.7.

Setup {#sec2.2}
-----

The setup for visible TA measurements was described previously ([@bib33]). Briefly, the 800 nm output from a Ti-Sapphire laser (90 fs, 1 kHz, 0.85 mW; Hurricane, Spectra Physics (Newport Spectra-Physics, Santa Clara, CA)) was divided between an optical parametric amplifier (OPA-800C, Spectra Physics) and a WL generator. The amplifier produced pump radiation tunable in the 600--800 nm region. We used three pump wavelengths in the experiments: 670 nm, 700 nm, and 740 nm. The typical bandwidth of the pump radiation was ∼20 nm and the energy reaching the sample was \<10 nJ. Given a beam diameter of 0.175 mm at the sample position, this energy corresponds to 0.04 W/cm^2^ or 42 *μ*J/cm^2^.

The WL was generated using a sapphire plate and spanned the spectral region from 400 to 800 nm. The delay between pump and probe pulses was varied from −100 ps to 2 ns using a retroreflector mounted on a delay line (M-IMS400CCHA, Newport) introduced into the pump beam path. The −100 ps (probe − pump) measurement represents the TA at 1 ms with inverted amplitude, and is subtracted as a background from the positive delay points.

The sample was continuously moved in a Lissajous pattern using an in-house-built sample translator to minimize repeated exposure of the same sample volume.

After it passed through a sample, the probe radiation was analyzed using an in-house-built prism spectrometer employing a 1024 pixel CCD camera. Data collection and preprocessing were performed with the use of custom software written using LabVIEW (National Instruments, Austin, TX).

All measurements were performed at room temperature.

Data analysis {#sec2.3}
-------------

The data were analyzed using global analysis and target analysis ([@bib34]), as well as lifetime-density ([@bib35]) methods. Specifically, the freely available Glotaran ([@bib36]) and Global Analysis Toolbox ([@bib37]) packages were employed for this purpose, which included modeling of the instrument response function and chirp correction.

Results {#sec3}
=======

WL-grown PSI {#sec3.1}
------------

Transient absorption measurements on the WL-PSI sample were performed at two pump wavelengths: 670 nm and 700 nm. With 670 nm excitation, preferential excitation of the antenna Chls is expected, whereas 700 nm excitation is expected to result in more selective excitation of the charge-separating pigments in the RC ([@bib25]). Difference spectra at selected delays are presented in [Fig. 3](#fig3){ref-type="fig"}.

It should be noted that the −100 ps delay spectrum has been subtracted from each spectrum in [Fig. 3](#fig3){ref-type="fig"}. The −100 ps spectra represent the long-lived component of the spectral evolution present at 1 ms ([@bib22], [@bib25]) and are presented in [Fig. 4](#fig4){ref-type="fig"}. The subtraction of −100 ps spectra from the data allowed us to focus on the changes in the spectra that occurred in the first 2 ns after excitation. With the applied raster scanning speeds, the average overlap with the pumped volume of the previous pump-probe measurement was ∼0.2, which minimized the contribution to the ultrafast pump-probe amplitudes while still allowing measurement of the millisecond spectrum ([Figs. S1--S3](#mmc1){ref-type="supplementary-material"} in the [Supporting Material](#app2){ref-type="sec"}).

In line with comparable measurements of Chl *a*-containing PSI reported previously ([@bib25]), there is a significant difference between the data obtained with excitation at 670 nm and those obtained at 700 nm. The 670 nm pump excitation is absorbed mostly in the antennae, resulting in a 675 nm photobleaching (PB) band at time zero. Within the first picosecond, a new PB band at 682 nm develops with a larger amplitude than the 675 nm bleach at 0 ps. It is important to note that in the 0.7 ps spectrum, there is already a shoulder starting to develop at 706 nm. A spectral broadening also occurs on the subpicosecond timescale, which is generally assigned to exciton equilibration processes ([@bib25]). The bleach maximum moves to 686 nm in the 3 ps spectrum, with its amplitude decaying compared with the 0.7 ps spectrum. The 10 ps and subsequent spectra clearly show dual bleach shapes: one centered at 688 nm and the other centered at 706 nm.

With 700 nm excitation, the initial bleach observed at 0 ps has a minimum at 704 nm that rapidly moves to 696 nm by 0.1 ps. This uphill movement of excitation was also observed previously for *Chlamydomonas* PSI ([@bib22], [@bib25]) and *Synechocystis* 6803 PSI ([@bib23]). At 0.7 ps the bleach spectrally broadens, which in analogy to the previous *Chlamydomonas* and *Synechocystis* PSI studies (see Refs. [@bib22], [@bib23], [@bib25]) may be dominated by the exciton equilibration in the RC pigments primarily, and has a minimum at 704 nm. These dynamics will additionally have contributions from exciton relaxation occurring in antennae pigments, but quantification is not feasible in the absence of either structure-based theory or experiment with regard to the selectivity of excitation at 700 nm. The subsequent spectra show a decay of this bleach together with a small shift of its minimum to 706 nm ([Fig. 3](#fig3){ref-type="fig"}). The signal at 706 nm is distinctive for TA of the WL-PSI, and its origin, assigned to Chl *a*, is discussed further below in light of previous studies of red pigments in PSI (see [Discussion](#sec4){ref-type="sec"}).

The 670 nm excitation data obtained with up to 100 ps delays are mostly similar to those obtained by Müller et al. ([@bib25]) in *Chlamydomonas* PSI. However, there is one significant difference: the emergence of the 706 nm bleach in the current data (see [Fig. 3](#fig3){ref-type="fig"} spectra obtained at 0.7 ps and later). The 706 nm bleach becomes a dominant feature in the ≥1 ns delay spectra. [Fig. 5](#fig5){ref-type="fig"} shows a comparison of the 1.5 ns spectra for 670 nm and 700 nm excitation wavelengths. The origin and assignment of the 706 nm bleach are addressed in more detail in the Discussion section below.

The temporal development of the signal can be visualized using a lifetime-density map ([@bib25], [@bib30]). In contrast to target analysis, the lifetime-density map is not model dependent and can highlight the distributions of lifetimes. A lifetime map for WL-PSI is presented in [Fig. 6](#fig6){ref-type="fig"}. For 670 nm excitation, the most notable lifetimes longer than the subpicosecond signals are 2 ps (with a negative amplitude) and ∼40 ps in the 680--690 nm region, and 6 ps (positive amplitude) in the 706 nm spectral region. With 700 nm excitation, the map is more complicated, with the two most prominent features being a 40 ps broad peak with negative amplitude and a 1500 ps peak with a negative amplitude in the 710 nm region.

FRL-grown PSI {#sec3.2}
-------------

We used three pump wavelengths for FRL-PSI: 670 nm, 700 nm, and 740 nm. The 740 nm pump wavelength should preferentially excite Chl *f* present in the sample. Difference spectra at selected delays are presented in [Fig. 7](#fig7){ref-type="fig"}. The −100 ps (millisecond) spectra have been subtracted and are presented in [Fig. 4](#fig4){ref-type="fig"}. Investigation of the power-density dependence and calculation indicated excitation levels of ∼1 per complex. Measurements of the relative charge-separation efficiency at a 10-fold reduced power density were not significantly changed, indicating that the exciton-exciton annihilation contribution was minimal ([Supporting Materials and Methods](#mmc1){ref-type="supplementary-material"}; [Figs. S4 and S5](#mmc1){ref-type="supplementary-material"}). Thus, under the condition of a minimized background of closed PSI at ∼20% and in the absence of detectable exciton-exciton annihilation, our investigation of relative charge-separation efficiency and energy-transfer kinetics is dominated by one-photon processes and an open PSI, and avoids an interpretation of small-amplitude differences.

For the 670 nm excitation, which is considered to be specific for Chl *a* pigments, the initial time zero bleach occurs at 685 nm; however, by 0.7 ps the bleach position had already moved to 690 nm ([Fig. 7](#fig7){ref-type="fig"}). Furthermore, starting with 0.7 ps, a broad shoulder on the red side of the bleach (710--760 nm) starts to develop, indicating a rapid transfer to Chl *f* pigments. The 3 ps difference spectrum shows a multimodal character with the main bleach at 740 nm. Other minima in the 3 ps spectrum are at 690 nm, 710 nm, and 780 nm. All spectra obtained later than 10 ps are dominated by the main 740 nm bleach, with the minimum moving further toward red, from 740 to 745 nm.

The TA measurements obtained with 700 nm pump excitation show a spectral evolution that is similar to the data obtained with 670 nm pump excitation. The initial bleach at 690 nm migrates toward the far-red wavelengths (710--760 nm), and by 10 ps the main dominating bleach is at 740 nm. It is noted that the 3 ps spectrum of the 670 nm excitation data shows a multimodal character with additional bleaches at 710 nm and 780 nm. The spectral evolution after 10 ps follows the same pattern as the measurements with the 670 nm pump excitation.

Pumping Chl *f* directly at 740 nm shows spectral kinetics consistent with the later stages (\>20 ps) of the previous two pump wavelengths. The bleach minimum at 0.7 ps is seen at 740 nm with a small shoulder at 780 nm. Subsequent spectra obtained later than 0.7 ps do not show major changes in the shape of the spectrum, apart from a small drift of the minimum from 740 nm toward a further red wavelength at 745 nm.

The 1.5 ns delay FRL-PSI spectra are very similar to those observed for WL-PSI and additionally are independent of the wavelength of the initial excitation ([Figs. 5](#fig5){ref-type="fig"} and [8](#fig8){ref-type="fig"}). A single bleach centered at 706 nm dominates the spectra for delays longer than 1 ns, as shown in [Fig. 8](#fig8){ref-type="fig"}. This is taken as an indication that the same Chls responsible for the 706 nm bleach in the WL-PSI are present in the FRL-PSI.

Lifetime-density maps were used to visualize the time evolution of the spectra and are presented in [Fig. 9](#fig9){ref-type="fig"}. Compared with those obtained for WL-PSI, the maps for 670 nm and 700 nm pump excitation are much more complex. Apart from subpicosecond components, the most notable lifetimes in the 740 nm region are 2--6 ps (positive amplitude) and ∼100 ps (negative amplitude). The 690 nm region shows a broad range of lifetimes having negative amplitude stretching from subpicoseconds to 30 ps. Furthermore, a 200 ps (positive amplitude) lifetime is observed in this region as well. The most prominent feature in the lifetime map for 740 nm pump excitation is a negative amplitude for the 100 ps lifetime in the 740 nm spectral region.

Fit results {#sec3.3}
-----------

### Fitting the sequential model {#sec3.3.1}

#### WL sequential fitting results {#sec3.3.1.1}

The results of fitting a homogeneous, or fully sequential, model to the WL-PSI data are presented in [Fig. 10](#fig10){ref-type="fig"}. Four sequential stages were used for the measurements made with 670 nm pump excitation. The first compartment (compartment A), with a lifetime of \<200 fs, represents exciton equilibration between antenna Chls. The second compartment (compartment B), with a bleach maximum at 685 nm, decays with 1.5 ps time constant.

This time constant agrees well with that observed for the transfer from the antenna to the RC in some of the models shown in [Fig. 1](#fig1){ref-type="fig"}. Thus, compartment B represents the excited state of the antenna Chl pool.

The assignment of the third compartment (compartment C) depends on the assumptions made about the charge-separation rate. If slower charge separation is assumed, compartment C should represent the RC^∗^ state, and the next transition, with a 39 ps time constant, should lead to the P700^+•^ A~1~^−•^ state (compartment D). This variant is shown in [Fig. 11](#fig11){ref-type="fig"} *a1*.

On the other hand, if the charge separation happens in \<1 ps, compartment C should correspond to the first radical pair. Based on published evidence, the first radical pair, RP1, could be either A^+•^A~0~^−•^ ([@bib6], [@bib9]) or P700^+•^A~0~^−•^ ([@bib19], [@bib28]). Although the visible pump-probe data cannot definitively distinguish between either of the possibilities, an assignment to P700^+•^ A~0~^−•^ may be argued, which in the subsequent step evolves into P700^+•^ A~1~^−•^ (RP2), whereas the RC^∗^ state is not resolved ([Fig. 11](#fig11){ref-type="fig"} *a2*).

As can be seen from [Fig. 10](#fig10){ref-type="fig"} *a*, compartment C has a much broader bleach than, for example, compartment B. It also appears to consist of two overlapping bands: one centered at ∼690 nm and the other at 706 nm. This seems to suggest that the two Chl pools contribute to compartment C. Chauvet et al. ([@bib31]) showed that the A~0~^−•^/A~0~ spectrum has a bleach at 684 nm. This is one possible candidate for a member of compartment C. However, the positive band at 650 nm could be taken as an indication of excited-state absorption, rather than an assignment to a radical pair. However, the A~0~^−•^/A~0~ spectrum in Ref. ([@bib31]) also has a positive band in this region, and a similar band was assigned to A~0~^−•^/A~0~ by Shelaev et al. ([@bib27]). Furthermore, the compartment C spectrum has a positive signal in the 750--780 nm region, which is assigned to P700^+•^-induced absorption ([@bib10]) and is consistent with the kinetics and wavelengths observed in *C. reinhardtii* as well as *Synechocystis* sp. 6803 PSI ([@bib25], [@bib31]).

The results for 700 nm pump excitation differ substantially from the measurements made with 670 nm pump excitation. The first equilibration stage has a lifetime similar to that of the 0.16 ps compartment of the 670 nm excitation data; however, the second compartment decays with a 10 ps lifetime, versus the 1.5 ps observed in the 670 nm pump results. There is also a significant difference between the lifetimes of the third compartments: 97 ps with 700 nm pump excitation as opposed to 39 ps with 670 nm excitation. Furthermore, the spectrum of the third compartment does not consist of the same two constituents as with 670 nm excitation. Most of the bleach is at longer wavelengths than 700 nm, with a peak at 710 nm.

The 700 nm excitation is expected to be absorbed more selectively by the Chls that are close to or part of the Chls involved in charge separation. Thus, one would expect the transit times to the charge-separation stage to be faster with 700 nm excitation than with 670 nm excitation. Therefore, we conclude that compartment B represents the state of the charge-separating Chls ([Fig. 10](#fig10){ref-type="fig"} *b*). As with 670 nm excitation, there are two possible assignments of this compartment depending on what value is taken for the intrinsic rate of the charge separation.

If a slow charge-separation rate is assumed, the compartment B spectrum would be assigned to the excited state of the charge-separating Chls ([Fig. 11](#fig11){ref-type="fig"} *b1*). In that case, the compartment B with 700 nm excitation ([Figure 10](#fig10){ref-type="fig"} b) could be compared to the compartment C for the 670 nm excitation data ([Figure 10](#fig10){ref-type="fig"} *a*). The spectrum of the 670 nm pumped compartment C contains a bleach at a shorter wavelength (∼688 nm) in addition to one at ∼706 nm which could correspond to the major contribution seen in compartment C in the 700 pumped data.

With the 700 nm excitation data, compartment B has also a broad spectrum, but most of the bleach is at wavelengths longer than 700 nm. One possible explanation is that the RC^∗^ state has different distributions of the excitation energy among the RC pigments. It is possible that the 700 nm pump causes most of this energy initially to be located around P700 Chls. On the other hand, when the excitation energy reaches the charge-separating pigments in the RC through transfer from the antenna, the recipient of this energy could be preferentially either A or A~0~, rather than the P700 Chls. The exact nature of this excitation transfer and the role of the connecting Chls ([@bib38]) still have not been determined unequivocally. However, A~0~ is expected to have absorption at shorter wavelengths than P700 ([@bib31]), which could explain the prevalence of the 690 nm constituent in the RC^∗^ data for the 670 nm excitation.

The alternative interpretation assumes that the charge-separation rate is ultrafast, in which case compartment B should be composed of a mixture of the RC^∗^ state and the primary radical pair state ([Fig. 11](#fig11){ref-type="fig"} *b2*).

For either model assuming fast or slow charge separation, the third compartment (compartment C) should represent the further evolution of the radical pair, most likely P700^+•^ A~0~^−•^, that transitions into the secondary radical pair, P700^+•^ A~1~^−•^, represented by compartment D ([Fig. 10](#fig10){ref-type="fig"} *b*). However, the associated difference spectrum for compartment D retains very weak additional features of excited Chls, as seen from some remaining excited-state absorption at ∼670 nm, so it could still represent a mixture of excited pigments and charge separation.

Furthermore, it is seen that the last compartments for both pump wavelengths have very similar spectra, with the main bleach at 706 nm and a 600--680 nm shoulder on the blue side of the main bleach. This compartment can be assigned to P700^+•^ A~1~^−•^ ([@bib27]).

The WL-PSI TA measurements are generally comparable to those reported in previous studies of Chl *a*-containing PSI from various sources ([@bib6], [@bib9], [@bib18], [@bib23], [@bib25], [@bib30], [@bib31]). The global analysis that uses homogeneous transformation does not separate the complex energy transfer and charge-separation processes in PSI particles ([Fig. 10](#fig10){ref-type="fig"}). This is also demonstrated by the lifetime maps originally developed by Holzwarth et al. ([@bib30]), which may guide the application and development of more elaborate models. Since the sequential model resulted in compartments of mixed character, we next used target modeling, as discussed further below.

#### FRL sequential fitting results {#sec3.3.1.2}

[Fig. 12](#fig12){ref-type="fig"} shows the results of the sequential fit for the FRL-PSI data, using a limiting number of compartments as chosen from resulting fitting statistics and residuals.

A key observation is made for 740 nm excitation, which shows that direct excitation of Chl *f* results in charge separation after slow decay and trapping ([Fig. 12](#fig12){ref-type="fig"} *c*).

A four-compartment sequential model was used to fit this data. After the initial equilibration, compartment B has a spectrum with the main bleach at 740 nm corresponding to the Chl *f* main absorption band. As 740 nm excitation is directly absorbed by Chl *f* pigments, it is also shown that compartments B and C also represent signals originating from Chl *f* pigments. However, the last compartment, compartment D, is almost identical to the last compartments in the WL-PSI results, which were assigned to the P700^+•^ A~1~^−•^ radical pair, with either 670 nm or 700 nm excitation ([Fig. 10](#fig10){ref-type="fig"}, *a* and *b*). This observation leads to the important conclusion that the Chls *f* in FRL-PSI are well connected to or integrated into the charge-separating Chls. The excited energy from Chl *f* can be 1) transferred to the RC and used to form the radical pair with good efficiency, 2) used directly for charge separation, or 3) both, with good efficiency. When we compared the amplitudes of the initial bleach and that of the final spectrum representing the P700^+•^ A~1~^−•^ radical pair, we found they were very similar for both WL-PSI and FRL-PSI ([Figs. 10](#fig10){ref-type="fig"} and [12](#fig12){ref-type="fig"}).

A five-compartment model had to be used to fit the 670 nm and 700 nm pump excitation data, and the results are very similar for both. The first equilibration stage is followed by a compartment that has a major bleach at 685--690 nm and decays with a ∼2 ps time constant for both pump wavelengths. The bleach maximum position suggests that this state is located predominantly on Chl *a*, although the emergence of a bleach at 740 nm is also noticeable.

The spectra of the next two compartments, C and D, show significant shifts of the main bleach from the 680 nm region to 740 nm. The third compartment, C, which decays with a 23 ps constant also has a broad shoulder at 680--730 nm as well as small side band at 780 nm. The 740 nm bleach position is consistent with the assignment of this compartment to Chl *f*.

There are two opposing models that can explain these results. The first assumes that the Chl *f* pigments plays an antenna role and the 2 ps transition time from compartment B to compartment C represents downhill transfer of the excited energy toward the Chl *f* ([Fig. 13](#fig13){ref-type="fig"} *c1*). The subsequent two transitions would then describe the evolution of the Chl *f* excited state and the transfer of the excitation to the Chls involved in charge separation. The absence of the Chl *f* in the final radical pair, P700^+•^ A~1~^−•^, is supported by the fact that the compartment E spectrum ([Fig. 12](#fig12){ref-type="fig"}, *a* and *b*) is almost exactly the same as that of compartment D in the WL-PSI data ([Fig. 10](#fig10){ref-type="fig"}, *a* and *b*). Thus, the same final state is reached even if intermediate states involve Chl *f*. Furthermore, this indicates that Chl *f* pigments are well connected and contribute substantially to energy transfer to the charge-separating Chls. The slow transfer times to the RC can be explained by the energy barrier for the transition from Chl *f* to the charge-separating pigments.

The spectra of compartment D using 670 nm and 700 nm excitation ([Fig. 12](#fig12){ref-type="fig"}, *a* and *b*) show no bleach in the 690--700 nm region, and instead have a strong bleach at 743 nm. This suggests that most, if not all, of the excitation energy had been transferred to the Chl *f* at this stage. However, the percentage of Chl *f* molecules present in each FRL-PSI core is estimated to be ∼8% (see the absorption spectrum in [Fig. 2](#fig2){ref-type="fig"}). The fact that this low amount of pigment traps most of the excitation points to an important role of Chl *f* among the core RC pigments.

The second possible model considers the possibility that one or two Chls *f* are located among the charge-separating Chls. [Fig. 13](#fig13){ref-type="fig"}, *c2* and *c3*, show an example of substituting Chl *a* for Chl *f* in A~0~. According to this model, the 2 ps compartment B decay time is similar to that observed in the WL-PSI 670 pump sequential fit, and would likely represent energy transfer from the antenna to the RC.

As discussed above for the WL-PSI sequential fit, compartment C with 670 nm or 700 nm excitation ([Fig. 12](#fig12){ref-type="fig"}, *a* and *b*) can be assigned to 1) the excited state of the charge-separating Chls, RC^∗^ ([Fig. 13](#fig13){ref-type="fig"} *c2*), or 2) a mixture of RC^∗^ and the first radical pair state ([Fig. 13](#fig13){ref-type="fig"} *c3*), if we assume charge separation to be slow or fast, respectively.

The fourth compartment, D ([Fig. 12](#fig12){ref-type="fig"}, *a* and *b*), can clearly be assigned to the further evolution of the primary radical pair for either slow or fast intrinsic charge separation. The spectrum of this compartment shows a dominant bleach at 745 nm that corresponds to Chl *f*. If this model is correct, this would suggest that Chl *f* is one of the constituents of the radical pair and has replaced one of the Chl *a* molecules that are involved in charge separation. It is most commonly assumed that the primary radical pair anion is A~0~^−•^ ([@bib2]); thus, according to this model, Chl *f* could have substituted A~0~ Chl *a* in the FRL-PSI RC. Alternatively, since it seems likely that the A Chl is involved in primary charge separation either as the primary acceptor, with P700^+•^A^−•^ as the primary radical pair, or as the primary donor, with A^+•^A~0~^−•^ as the primary radical pair ([@bib6], [@bib9]), the replacement of Chl *a* at A for a Chl *f* is also a possibility. A decay time of ∼160 ps was not observed in WL-PSI in this study, but was seen in *Chlamydomonas* PSI TA lifetime maps produced by Müller et al. ([@bib25]).

The spectra of compartments E (with 670 nm or 700 nm) and D (with 740 nm excitation) in the FRL-PSI data are almost exactly the same for all pump wavelengths and are also the same as in the WL-PSI data ([Fig. 12](#fig12){ref-type="fig"}). This strongly suggests that the final state of PSI charge separation at 1.5 ns after excitation is P700^+•^A~1~^−•^, and that this is the same for both WL- and FRL-grown PSI and is independent of the excitation wavelength.

Target analysis fit results {#sec3.4}
---------------------------

We tested different target models for the current data sets and assessed the quality of fit for each one. We applied the indicators for fit quality as described by Müller et al. ([@bib25]) and present the results for one set of target models. Our main goal in using these models was to determine the role of Chl *f* in FRL-PSI. The results of several other target models are provided in the [Supporting Materials and Methods](#mmc1){ref-type="supplementary-material"}. For example, one model (model 5) included a compartment that was equilibrated with the bulk antenna, as proposed by Di Donato et al. ([@bib9]), who assigned this compartment to the red Chl pool.

### Target modeling of WL-PSI TA {#sec3.4.1}

The model and the resulting species-associated difference spectra (SADS) for pump wavelengths of 670 nm are presented in [Fig. 14](#fig14){ref-type="fig"} (see [Supporting Materials and Methods](#mmc1){ref-type="supplementary-material"} for concentration profiles).

The spectrum of the first compartment (compartment A) in 670 nm SADS closely resembles the spectrum assigned to antennae in Ref. ([@bib25]) (see Fig. 1 in ([@bib25])). The first lifetime of 0.16 ps represents the energy equilibration, and thus compartment B with a strong bleach at 683 nm represents the equilibrated version of compartment A. As discussed above, compartment B most likely corresponds to the excited state of the antenna Chls.

We propose to use a target model in which the excitation from compartment B is split between two compartments, C and D, as shown in the model in [Fig. 14](#fig14){ref-type="fig"}. The proposed branching is based on the spectral shape of compartment C in [Fig. 10](#fig10){ref-type="fig"} *a*, which shows a contribution corresponding to the long-lived nanosecond spectrum. A spectrum very similar to the spectrum for compartment D is resolved in [Fig. 14](#fig14){ref-type="fig"}.

The assignment of compartment D is discussed further in the Discussion section. The time constant for transfer into compartment D is 4 ps, which agrees well with the 4--6 ps peak observed in the lifetime-density map for these data. This lifetime is consistent with the equilibration times between antennae and red-shifted Chls observed by Slavov et al. ([@bib8]). However, it is also similar to the rate assigned to the transition from the excited state of the charge-separating Chls to the first radical pair by Müller et al. ([@bib25]) (see [Fig. 1](#fig1){ref-type="fig"}).

If the red-shifted Chls *a* absorbing near ∼710 nm as seen in the absorption spectrum ([Fig. 2](#fig2){ref-type="fig"}, WL) are considered for assignment to compartment D ([Fig. 14](#fig14){ref-type="fig"}), then the energy is trapped there for at least several nanoseconds according to the fit results. This contradicts the previously suggested models of red Chl connectivity ([@bib8], [@bib9]). Those models usually assume that red Chl pools are equilibrated with the bulk antenna and lose all excitation on the 10 ps timescale. Therefore, the current results do not strongly support the assignment of compartment D to the red Chl pool.

On the other hand, if compartment D represents the P700 Chls, the most likely assignment would be to the P700^+•^ cation, as its shape remains unchanged until the 2 ns spectrum.

In this case, compartment C could correspond to the anion component of the radical pair. As discussed above, there are two proposed rates of charge separation. In the case of slow charge separation, compartment C should represent the excited state of the charge-separating Chls. However, this does not fit with the assignment of compartment D to P700^+•^, as the formation of the cation cannot overtake that of the anion by tens of picoseconds. Thus, this model favors rapid charge separation. This would result in assignment of compartment C to the A~0~^−•^ state or its mixture with the excited states of the charge-separating Chls (RC^∗^). Moreover, it decays with a time constant of 40 ps, which is consistent with previously reported transition times for evolution of the first radical pair to the second radical pair (see [Fig. 1](#fig1){ref-type="fig"}).

The WL-PSI data obtained with 700 nm excitation did not produce a satisfactory fit using the same or similar target models. Thus, we concluded that it was best to use the sequential fit to present these data.

### Target modeling of FRL-PSI TA {#sec3.4.2}

We modeled the Chl *f*-containing FRL-PSI TA data using a kinetic scheme very similar to the one we used for the WL-PSI measurements ([Fig. 14](#fig14){ref-type="fig"}), with little modification.

The model for the FRL-PSI measurements obtained with 670 nm and 700 nm excitation and the fit results are presented in [Fig. 15](#fig15){ref-type="fig"}, *a* and *b*, respectively. The difference between the two excitation wavelengths is very small, and the two results will be discussed together.

As in the case with WL-PSI, compartment A most likely represents the equilibration within the antenna and decays into compartment B with a subpicosecond lifetime. Consistent with the WL-PSI results, compartment B has a bleach minimum at 685 nm as well as a very similar shape. Thus, it can be assigned to the antenna Chl *a* pigments.

Differences compared with WL-PSI start to emerge in the next step, where the model suggests that the energy is split into two branches.

Compartment D has the same spectrum as in the WL-PSI target analysis results. However, compared with the WL-PSI 670 nm excitation results, the transition time to this compartment increases from 4.5 ps to 7.5--9 ps. Furthermore, the FRL-PSI compartment D kinetics is very similar for both 670 nm and 700 nm excitation. This contrasts with a substantial difference in the compartment decay kinetics observed for the WL-PSI. Furthermore, the spectrum belonging to compartment C with both 670 nm and 700 nm excitation includes a bleach position near 706 nm corresponding to the final nanosecond spectrum E, suggesting the formation of P700^+•^ with an ∼2 ps time constant and Chl *a* excitation ([Fig. 12](#fig12){ref-type="fig"}, *a* and *b*).

As in the WL-PSI target fitting, compartment D most likely represents the P700^+•^ state. The same spectral shape and position suggests that this state is not affected by the presence of Chl *f*.

The assignment of compartments C and E depends on the chosen model. As discussed in above ([Fig. 12](#fig12){ref-type="fig"}), we propose two models that differ in their assumption about the location of the Chl *f* in the RC.

The first model assumes that Chls *f* are in the antenna and thus transition from compartment B to C, indicating funneling of excited energy in the antenna toward Chl *f*. As in the sequential fit, the next two compartments represent the evolution of the Chl *f* excited state and transfer of the excitation to the RC. The branching model assumes a competition between trapping by charge separation, resulting in compartment D ([Fig. 15](#fig15){ref-type="fig"}, *a* and *b*) and downhill energy transfer to Chl *f*, corresponding to compartment E. The C-to-E transfer would correspond to a further downhill energy transfer between two Chl *f* pigments with a ∼25 ps time constant, where the ∼150 ps decay of the final state is caused by a secondary charge separation with a corresponding uphill transfer, as is also seen with direct 740 nm excitation ([Fig. 12](#fig12){ref-type="fig"} *c*). A key feature of this model is that exciton escape from a trapped radical state in compartment D would be too slow for a further downhill energy transfer to Chl *f* in compartment E ([Fig. 15](#fig15){ref-type="fig"}).

On the other hand, if Chl *f* is among the charge-separating pigments, compartments C and E would represent evolution of the RC^∗^ excited state and formation of the radical pair. According to this model, compartment E should be assigned to a constituent of the primary radical pair A~0~^−•^. We propose, however, that the former model is more in line with the expected downhill energy transfer from Chl *a* to Chl *f* and the corresponding long excited-state lifetime of those red states.

Interestingly, the 740 nm pump data did not produce a satisfactory fit using similar target models, and a sequential fit was deemed best to present the data. As the same observation was made with the WL-PSI 700 nm data, it appears that both WL and FRL data with red excitation are best represented with homogeneous kinetics.

Discussion {#sec4}
==========

*C. thermalis* PCC 7203 WL-PSI results compared with previous studies of PSI {#sec4.1}
----------------------------------------------------------------------------

It is worthwhile to compare the WL *C. thermalis* PCC 7203 PSI TA measurements with previously published results for PSI of different origins. Only the WL-PSI measurements can be compared with previously published results, as no previous measurements of Chl *f*-containing PSI have been reported. For 670 nm excitation, the early-stage (up to 1 ps) spectra closely resemble those observed by Gibasiewicz et al. ([@bib22]) and Müller et al. ([@bib25]) for *C. reinhardtii* PSI, except that the spectral bands appear broader due to the larger spectral width of the pump pulse in this work. The major difference that emerges after 1 ps is the development of the shoulder at 706 nm in the *C. thermalis* PCC 7203 WL-PSI data. For *C. reinhardtii* PSI, most of the bleaching is at wavelengths shorter than 700 nm for both 670 nm and 700 nm excitation (see Fig. 2 in Ref. ([@bib25])). In contrast, the 706 nm shoulder becomes the dominant spectral feature for delays longer than 100 ps in the *C. thermalis* PCC 7203 WL-PSI data. Furthermore, for the 700 nm excitation, even the early delay data differ substantially from the *C. reinhardtii* PSI results.

Bleaching at wavelengths longer than 700 nm was observed in *Synechocystis* sp. PCC 6803 PSI TA by Shelaev et al. ([@bib27]), and the negative band at 705 nm was assigned to P700/P700^+•^. However, for *Synechocystis* sp. PCC 6803, Melkozernov et al. ([@bib23]) concluded that the bleaching at 708 nm is caused by an inhomogeneous pool of red pigments, and assigned a 1.5--2.5 ps lifetime in their data to equilibration between the bulk and antenna and the red Chls.

Below, we discuss the possible origin of the negative band at 706 nm based on what is known in the literature and the observations in the WL-PSI TA data.

Origin of the 706 nm bleach {#sec4.2}
---------------------------

The 706 nm region of the spectrum is within the characteristic Qy absorption region of Chls. Also considering the relative strength of the 706 nm band, it is assigned to Chl *a* molecules.

[Fig. 5](#fig5){ref-type="fig"} shows a comparison between the steady-state absorption spectrum of the PSI sample and the 1.5 ns TA spectrum of the same sample. The correspondence between the 706 nm band in the TA spectrum and the small shoulder on the red side of the steady-state spectrum is close. It should be noted that if Chl *f* were present in the PSI sample, its absorption would be even further shifted to the red, around 740 nm (see [Fig. 2](#fig2){ref-type="fig"}).

On the other hand, for the 670 nm excitation, the absence of the 706 nm band in the spectra before 0.5 ps suggests that the Chls responsible for this band do not absorb the 670 nm pump radiation directly, but are well connected to the bulk of the antenna Chls.

It has been reported in the literature that red-shifted Chl *a* molecules are very common in PSI samples originating from cyanobacteria ([@bib8], [@bib9], [@bib10], [@bib11]). For example, in *T. elongatus* PSI, pools at 708 nm, 715 nm, and 719 nm have been reported ([@bib8], [@bib10], [@bib11]). There are no data in the literature about the presence of red-shifted Chls in the PSI from *C. thermalis* PCC 7203, which was used in this study. However, the absorption spectrum shows a shoulder at 710 nm ([Fig. 2](#fig2){ref-type="fig"}). Thus, the presence of a pool of such red-shifted Chls connected to the bulk antennae could explain the appearance of the 706 nm band in the subpicosecond stages of spectral development ([Fig. 3](#fig3){ref-type="fig"}).

Considering a possible assignment to excited-state pigments of the 706 nm band in the 1.5 ns spectrum ([Fig. 5](#fig5){ref-type="fig"}), this would suggest that the energy is trapped in these Chls for a duration that would exceed the typical excited-state lifetimes of Chls in the PSI antennae or those of red-shifted Chls ([@bib8]).

Alternatively, the 706 nm band could also be assigned to a constituent of the excited RC state P700^∗^ or its subsequent evolution into P700^+•^. The latter assignment was proposed by Shelaev et al. ([@bib27]) for *Synechocystis* sp. PCC 6803 PSI. The appearance of the 706 nm band in the 1.5 ns spectrum is expected after the assignment to the P700^+•^ part of the charge-separated state. However, this assignment may not agree with the observation that the band at 706 nm is different from the 700 nm bleach minimum position observed at 1 ms in the −100 ps spectrum. If both of these bands represent P700^+•^, the shift of the peak position should occur between 2 ns and 1 ms after the excitation pulse. The physical origin of this shift could be electrostatic and result from electron transfer from the A~1~ anion to the iron-sulfur centers at 1 ms. It is further noted that the spectrum lacks the characteristic excited-state absorption near ∼670 nm, which also supports an assignment to a charge-separated state. Both the nanosecond spectrum and the millisecond spectrum of WL- and FRL-PSI from *Chroococcidiopsis thermalis* PCC 7203 lack the spectral features typically seen in PSI from other species, notably *Synechocystis* PCC6803 ([@bib27], [@bib28]) and *S. elongatus* ([@bib10]). In addition to a bleach at 703 nm assigned to P700^+•^, another feature is typically seen near 693 nm, and is generally assigned to a neutral Chl *a* close to P700^+•^ ([@bib19]). Semenov et al. ([@bib28]) discussed the assignment as developing from a Kerr shift from A~0~ in the field of the P700^+•^A~1~^−•^ pair or from nearby antenna pigments. For *Synechocystis* PSI, Dashdorj et al. ([@bib39]) reported that between 200 ps and 1 s, the bandshift feature at 685 nm(−)/693 nm(+) decayed relative to the P700 bleach. Thus, the electrochromic shift was assigned to Chl *a* pigments near the A~1~ site ([@bib39]). The WL- and FRL-PSI from *C. thermalis* PCC 7203 instead show bleach features at ∼655 nm in both the 1.5 ns ([Fig. 5](#fig5){ref-type="fig"}) and millisecond spectra ([Fig. 4](#fig4){ref-type="fig"}), in addition to shift features at 655 nm(−)/675 nm(+) that are at shorter wavelengths but otherwise resemble those reported for *Synechocystis* PCC 6803 PSI ([@bib39]). As these features are present in both the nanosecond and millisecond spectra, they likely represent an electrochromic shift of relatively blue-absorbing Chl *a* pigments near the P700^+•^ cation ([@bib39]). We note that both the frequency position and the cross section of the positive feature seen in *Synechocystis* PSI at 690 nm and in *C. thermalis* PCC 7203 PSI at 675 nm are species dependent ([@bib40]).

Other possible assignments for the 706 nm bleach include dissociated light-harvesting complexes or even Chl *d* present in the sample. The exact nature of this band cannot be unequivocally determined from the current data and analysis. However, as was shown in previous sections, the role of Chl *f* in PSI excitation transfer can also be assessed without strict assignment of the 706 nm band. The analysis presented in this study favors an assignment of the 706 nm bleach at 2 ns to P700^+•^, in agreement with Shelaev et al. ([@bib27]). Strong support is provided by the efficient transfer in Chl *f*-containing FRL-PSI to compartment D with excitation at 740 nm ([Fig. 12](#fig12){ref-type="fig"} *c*). An alternative assignment to a radiative state is unlikely, considering the bleach position at 740 nm of its precursor, compartment C.

Possible role of Chl *f* in FRL-PSI {#sec4.3}
-----------------------------------

There is no evidence in the results above that the inclusion of Chl *f* in PSI would in any way reduce the quantum yield of light harvesting or even charge separation. On the contrary, for both WL-PSI and FRL-PSI, the 2 ns TA spectra have very similar shapes as well as comparable amplitudes. Moreover, the same is true for the −100 ps TA spectrum, which shows the spectrum of the radical pair 1 ms after excitation ([Fig. 4](#fig4){ref-type="fig"}). Furthermore, the FRL-PSI bleaches in the Chl *f* region decay with lifetimes (∼150 ps) much faster than would be expected for excited-state decay of isolated Chl *f* pigments (∼5 ns) ([@bib15]), suggesting an assignment to trapping by charge separation rather than fluorescence. All of these results indicate that Chl *f* is an important constituent of the excitation and charge-transfer process in FRL-PSI. It is worth noting that we estimate the relative amount of Chl *a* pigments replaced by Chls *f* to be ∼8%. This means that the FRL-PSI contains only a small pool of Chls *f*, with perhaps 10 pigments in total. The strong bleaches in the 740 nm region are due to funneling of the excitation energy toward Chls *f*, and not to the presence of a large number of such pigments.

Although the exact location of the Chls *f* cannot be determined from the TA results presented here, some suggestions can be made. First of all, the same long-lived spectra (2 ns and 1 ms) are observed for 740 nm excitation as for the other excitation wavelengths. Therefore, charge separation can occur efficiently even if Chl *f* molecules are preferentially excited. This suggests that one or more Chls *f* are located in or close to the chain of the pigments that perform charge separation, and that the site energies of the pigments in the direct environment of the Chl *f* molecules will determine the transfer and trapping. In addition, if assignment of the 706 nm band to the P700^+•^ cation is correct, this band stays the same for both WL- and FRL-PSI. This would suggest that Chl *f* does not affect P700^+•^ formation. On the other hand, for FRL-PSI, the bleaches in the 685--700 nm region completely disappear after 10--30 ps and are replaced by the bleaches around 740 nm. This would suggest that the Chls responsible for absorption in this region get replaced by Chl *f*.

Based on the experimental and fitting results, we discuss two possible models for the role of Chl *f* in the PSI processes. According to the first model, Chls *f* are located at a well-connected location in the bulk antenna. They rapidly accumulate the excitation energy and slowly transfer to the RC, where charge separation happens. The rate of the charge-separation process is reduced compared with WL-PSI. However, the data suggest that most, if not all, of the excitation passes through the Chl *f* on route to the RC. This indicates that Chl *f* is likely close to the RC and may serve as a connecting Chl. The spectral features of compartment D, with 670 nm or 700 nm excitation, and compartment C, with 740 nm excitation, include a bleach position near ∼775 nm that resembles stimulated emission. Considering the steady-state fluorescence and emission wavelengths up to 800 nm of FRL-PSI at room temperature, an assignment to a radiative species with a 150 ps decay time constant is favored. In this interpretation, a small pool of Chl *f* pigments act as a far-red antenna sink, such that the Franck-Condon factor with the charge-separating Chls is sufficient to allow transfer within the excited-state lifetime of the Chl *f* pigments.

The second possible model suggests that Chls *f* are included in the charge-separating pigments, replacing one or more of the Chl *a* pigments there. If the 706 nm band represents the state of P700 pigments, the most likely candidate for substitution would be A~0~. This interpretation includes an assignment of compartments C and D in [Fig. 12](#fig12){ref-type="fig"}, *a* and *b*, to a charge-separated state, such that the 2 ps transfer time constant would irreversibly trap all excited-state populations in the Chl *a* antenna pigments. This would require the steady-state emission of Chl *f*-containing FRL-PSI to be significantly reduced compared with Chl *a*-containing WL-PSI. Consequently, we favor an assignment of compartments C and D to a radiative state, and hence an antenna role for at least two Chl *f* pigments. It is possible that Chl *f* is close to P700, for example, in the position of acceptor pigment A, but it is not modeled here explicitly.

In both cases, the evolution of the charge-separated step in Chl *f*-containing PSI appears to be slower than the corresponding process in WL-PSI. The fitting procedure shows a two-step transition (with 25 ps and 160 ps time constants) for FRL-PSI, and a single transition for WL-PSI (with time constants in the range of 24--90 ps depending on the wavelength of excitation). This suggests that the charge separation is slowed down by the presence of Chl *f*, although a quantitative comparison of early and nanosecond bleach amplitudes shows that the charge-separation efficiency is comparable for the WL- and FRL-grown PSI ([Supporting Materials and Methods](#mmc1){ref-type="supplementary-material"}). However, it should be noted that there is a possibility that the 150 ps component could not be resolved for the WL-PSI by the fitting process due to overlap of the spectral features.

The possibility that the 706 nm band corresponds to a red Chl pool can be considered, although assignment to P700^+•^ is better supported. In this case, the data clearly show that Chl *f* would be much better connected to the RC than the red-shifted Chl *a*, and would play a more important role in the charge-separation process. A possible assignment of the 706 nm band to an excited state would also exclude an assignment of compartment C in [Fig. 12](#fig12){ref-type="fig"} *c* to a radiative state.

In summary, we show evidence that with excitation of Chl *f*, charge separation occurs efficiently despite the evident uphill transfer that is required. The kinetics shows a rapid 2 ps time constant for almost complete transfer to Chl *f* if Chl *a* is pumped with a wavelength of 670 nm or 700 nm. The efficiency and rapid kinetics of the energy transfer to the first Chl *f* sink state (compartment C in [Fig. 12](#fig12){ref-type="fig"}, *a* and *b*) are remarkable considering the large number of Chl *a* pigments in the PSI particle. Target models can be developed that assume a branching in the formation of the charge separation that applies to blue excitation (670 nm or 700 nm) of either WL- or FRL-PSI.

Author Contributions {#sec5}
====================

J.J.v.T. and A.W.R. designed the research. M.K. and G.D. performed the measurements. D.N. initiated the study of FRL-PSI and prepared the sample. M.K. and G.D. performed the data analysis. J.J.v.T., M.K., and A.W.R. wrote the manuscript.

Supporting Material {#app2}
===================

Document S1. Supporting Materials and Methods, Supporting Results, and Figs. S1--S6Document S2. Article plus Supporting Material

We thank Andrea Fantuzzi, Alison Telfer, Sephano Santabarbara, and Tanai Cardona for useful discussions.

This work was supported by the Leverhulme Trust through award RPG-2014-126 to J.J.v.T. A.W.R. received support from the Biotechnology and Biological Sciences Research Council through grant BB/L011506/1.

Supporting Materials and Methods, Supporting Results, and six figures are available at <http://www.biophysj.org/biophysj/supplemental/S0006-3495(16)34326-0>.

![(*a--g*) Simplified PSI charge-separation schemes suggested by different authors: (*a--d*) Müller et al. ([@bib25], [@bib30]), (*e*) van Stokkum et al. ([@bib26]), (*f*) Shelaev et al. ([@bib27]) and (*g*) Di Donato et al. ([@bib9]). To simplify comparison, the indicated time constants are typical values observed by the authors of the corresponding studies and do not represent exact rates. Ant, antenna Chls *a*; P700, Chl *a* pair; A and A~0~, Chl *a* pigments; A~1~, phylloquinone; RC, reaction center; red, red Chl *a* pool.](gr1){#fig1}

![Absorption spectra of WL- and FRL-PSI. The spectra were normalized with respect to the 675 nm maxima. Evidence for the presence of FRL-absorbing Chl *f* is seen in the absorption extending beyond 750 nm in the FRL-PSI sample. To see this figure in color, go online.](gr2){#fig2}

![(*a* and *b*) TA spectra at selected delay points (in picoseconds) for WL-PSI with pump wavelengths of (*a*) 670 nm and (*b*) 700 nm. To see this figure in color, go online.](gr3){#fig3}

![(*a* and *b*) Millisecond spectra of WL-PSI (*a*) and FRL-PSI (*b*) with different pump wavelengths. The spectra have been inverted because at negative delays, the probe and the pump pulses effectively swap places. To see this figure in color, go online.](gr4){#fig4}

![Comparison of 1.5 ns spectra for pump wavelengths of 670 nm and 700 nm. An inverted absorption spectrum of the WL-PSI sample is shown by the black dashed line. To see this figure in color, go online.](gr5){#fig5}

![Lifetime-density map for WL-PSI data: (*a*) 670 nm pump and (*b*) 700 nm pump. Dashed lines indicate lifetimes observed in sequential model fits (see "Fit results" section). To see this figure in color, go online.](gr6){#fig6}

![(*a--c*) TA spectra at selected delay points for FRL-PSI with pump wavelengths of (*a*) 670 nm, (*b*) 700 nm, and (*c*) 740 nm. Delay times are given in picoseconds. To see this figure in color, go online.](gr7){#fig7}

![Spectra obtained at 1.5 ns for the FRL-PSI sample at pump wavelengths of 670 nm, 700 nm, and 740 nm. To see this figure in color, go online.](gr8){#fig8}

![(*a--c*) Lifetime-density maps for FRL-PSI with pump wavelengths of (*a*) 670, (*b*) 700, and (*c*) 740 nm. Dashed lines indicate lifetimes observed in sequential model fits (see "Fit results" section). To see this figure in color, go online.](gr9){#fig9}

![(*a* and *b*) Results of sequential fits of WL-PSI data for pump wavelengths of (*a*) 670 nm and (*b*) 700 nm. Above each figure a representation of the model is shown where the color of the box corresponds to the same color spectrum below. To see this figure in color, go online.](gr10){#fig10}

![(*a1--b2*) Possible contributors to the compartments in the WL-PSI sequential model results for 670 nm excitation (*a1* and *a2*) and 700 nm excitation (*b1* and *b2*). Abbreviations are the same as in [Fig. 1](#fig1){ref-type="fig"}. See text for suggested assignment of the primary radical pair to P700^+•^A~0~^−•^ and further details. In the (*a2*) case, (P700 A~0~)^∗^ is gray because this state could be present but not resolved spectrally in the current data.](gr11){#fig11}

![(*a--c*) Results of sequential fits of FRL-PSI data with pump wavelengths of (*a*) 670 nm, (*b*) 700 nm, and (*c*) 740 nm. To see this figure in color, go online.](gr12){#fig12}

![Possible contributors to the compartments in the FRL-PSI sequential model results for 670 nm and 700 nm excitation. Abbreviations are the same as in [Fig. 1](#fig1){ref-type="fig"}, with Ant-*f* and A*f*~0~ denoting Chl *f* pigments in the antenna and replacing A~0~ correspondingly. See text for more details.](gr13){#fig13}

![A selected kinetic model and the resulting SADS and time constants for the WL-PSI 670 nm pump data. The same target model could not be applied to the 700 nm pump data, and the sequential model was deemed to be best for these data ([Fig. 10](#fig10){ref-type="fig"}*b*). Compartments C and D decay to the millisecond spectrum ([Fig. 4](#fig4){ref-type="fig"}); n.d., nondecaying spectrum. The color of each box in the model corresponds to the same color spectrum in the plot. To see this figure in color, go online.](gr14){#fig14}

![(*a* and *b*) Kinetic model and the resulting SADS for FRL-PSI with two pump wavelengths: 670 nm (*a*) and 700 nm (*b*). The 740 nm pump data did not produce a satisfactory fit for a similar model, and a sequential model was deemed to be best for these data. The final compartments, D and E, decay to the millisecond spectrum ([Fig. 4](#fig4){ref-type="fig"}). To see this figure in color, go online.](gr15){#fig15}
